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A Low-Complexity, High Accuracy Model of a CPU Anti-Resonance 

System 

Background of Invention 

Field of the Invention 

[0001] The invention relates generally to circuitry design, more specifically, the 

invention relates to modeling of an anti-resonance circuit for a central processing 
unit. 

Background Art 

[0002] As today's computer systems operate at frequencies exceeding 1 GHz, the 

demands on internal power supplies also increase. For instance, as the technology 
is scaled smaller and faster, the power supply voltage must decrease. However, as 
the internal clock rates rise and more functions are integrated into microprocessors 
and application specific integrated circuits (ASICs), the total power consumed 
must increase. These demands require the internal power supply to respond 
quickly and reliably without significant overshoot, undershoot, or ringing of the 
supplied voltage. 

[0003] Obviously, the design of the power system is critical to meeting these 
stringent requirements. A critical part of the design process is the modeling of the 
system. Typically, a model is used to simulate the system's performance so that 
design decisions can be made based on its results. The key questions in 
developing a model are: (1) the level of complexity it will entail; and (2) the 
degree of accuracy it will provide with its results. As a general rule, a more 
complex model has greater accuracy in its results. However, a complex model 
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may take several days of operation just to simulate a few micro-seconds of system 
time. 

[0004] Figure 1 shows a prior art depiction of a central processing unit (CPU) 
power distribution system 10 with power system components that must be 
simulated by such a model. The main circuit board 12 itself is the central platform 
with the system power supply board 14 and system ground board 16 layered 
underneath. Attached to the surface of the board 10 is the circuit package 18 that 
holds the central processing unit 20 or "chip". Also shown are various 
components of the power system including: high-capacity ceramic capacitors 22; 
an air-core inductor 24; a regulating integrated circuit 26; switching transistors 28; 
a mid-capacity tantalum capacitor 30; and low-capacity electrolytic capacitors 32. 

[0005] Of these components, the model of the chip 20 is the most difficult to 

develop. As the chips have achieved greater and greater speeds, these circuits 
have become more and more sensitive to the effects of parasitic inductance. The 
parasitic inductance can come from such sources as bond wires, IC package leads, 
and external supply lines that provide operating power. The problem with such 
characteristics is that they form a very high supply line impedance at a resonance 
frequency. This may lead to circuit oscillation 34 as shown in Figure 2. In order 
to avoid such undesirable effects on circuit operation, the parasitic inductance 
must be suitably controlled in order to achieve a substantially non-oscillating 
waveform 36 as shown in Figure 3. 

[0006] Prior art methods of controlling parasitic inductance include connecting an 
external capacitor between the supply leads. This connection creates a passive 
bypass that decreases the supply line oscillation due to external inductances. 
However, it does not significantly reduce the oscillation caused by internal 
inductances. Another prior art method includes connecting on on-chip capacitor 
between the internal supply leads. The capacitor acts as a bypass in the same 



2 



PATENT APPLICATION 
03226/065001 (P5437) 

manner as an external capacitor. However, in order to be effective, the internal 
capacitor must be very large. This has the drawback of occupying a significant 
portion of the chip area. Consequently, this method is generally undesirable when 
minimization of the die area is of great importance. 

[0007] Another prior art approach involves increasing the amount of charge stored 
or delivered to a given amount by actively increasing the voltage variation across 
their terminals with added on-chip de-coupling capacitance. Figure 4 shows a 
schematic of this technique with resistance losses. In this method, fully charged 
capacitors 38 and 40 of equal value are stacked in series 42 across the on-chip 
Vdd/V ss grid. The capacitors serve as a voltage multiplier for the Vdd/Vss grid. 
The depleted voltage in each capacitor is Vdd/n, where n is the number of 
capacitor stacks. Conversely, the stacked capacitors will store charge from the 
Vdd/V ss grid until the terminals across the capacitors are fully at Vdd. 

[0008] A capacitance amplification factor (G) represents the charge supplied to the 
grid by the switched capacitors normalized to the charge furnished by regular de- 
coupled capacitors given the same supply voltage variation. The amplification can 
be expressed as G = (k + n - l)/(k*n 2 ), where n is the number of stacks and k is 
the voltage regulation tolerance. With each capacitor having a value (Cd), the 
equivalent unstacked capacitance of Cd*n is reduced to Cd/n upon stacking with a 
total stack voltage of Vdd*n. 

[0009] Figure 5a shows a schematic 44 of an implementation of the method of 
Figure 3. The circuit shows mutually exclusive CMOS switches that configure the 
capacitors (C2) 46 and (CI) 48 to either be in the charging phase (shunt across 
Vdd/Vss) or in the discharging phase (in series with Vdd/Vss). The circuit has 
two sections: the V ave (average voltage) tracking loop 50 and the V inst (instant 
voltage) monitor and charge pump loop 52. The monitor and charge pump loop 
52 is physically located on the chip. The switches are driven by two 
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complementary drivers (comparators) 54 and 56. These drivers each provide two 
outputs with enough voltage offset to ensure minimal leakage through both charge 
and discharge switches during switching activity. 

[0010] Instantaneous voltage supply variation (V inst ) is monitored by coupling the 
Vdd and Vss onto the comparator 56 input that is dynamically biased about a 
reference voltage (V ave ). V ave is a high-pass filtered version of the local ((Vdd - 
Vss)/2. Its low frequency cutoff clears the low end resonance range, but it also 
rejects the tracking of low-frequency disturbances that are not due to resonance. 
The coupled V inst feed the main negative feedback loop as charge is pumped in and 
out of the switched capacitors 46 and 48 coupled to the Vdd/Vss grid in an attempt 
to defeat the voltage variations. The compensated high frequency cutoff ensures 
stable loop response while also clearing the high end of the resonance range. 

[0011] Figure 5b shows the operation of the circuit shown in Figure 5a. 
Specifically, the graph shows: a steady state when V inst = V ave ; a discharging 
phase when V inst < V ave ; and a charging phase when V inst < V ave . The high 
frequency and low frequency cutoffs are also shown for their respective phases. 

[0012] The net result is that this analog circuit described herein senses when the 

supply is collapsing and then it acts by charging/discharging to ensure stability in 
the power supply. However, a model of such a package/chip anti-resonance 
circuit is needed that provides accurate results in an acceptable amount of 
simulation time. 

Summary of Invention 

[0013] In some aspects, the invention relates to an apparatus for modeling an anti- 

resonance circuit of a microprocessor, comprising: a load model that simulates the 
anti-resonance circuit; a transistor that simulates at least one high frequency 
capacitor, wherein the transistor is connected in parallel with the load model; and a 
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capacitor that simulates an intrinsic capacitance of a section of the microprocessor, 
wherein the capacitor is connected in parallel with the load model. 

[0014] In other aspects, the invention relates to an apparatus for modeling an anti- 
resonance circuit of a microprocessor, comprising: means for simulating an anti- 
resonance circuit; and means for synchronizing the means for simulating an anti- 
resonance circuit with a clock signal. 

[0015] In other aspects, the invention relates to a method for modeling an anti- 
resonance circuit of a microprocessor, comprising: modeling a load to generate a 
simulation of an anti-resonance circuit; simulating at least one high frequency 
capacitor in parallel with the load model; and simulating a section of the 
microprocessor's intrinsic capacitance in parallel with the load model. 

[0016] Other aspects and advantages of the invention will be apparent from the 

following description and the appended claims. 

Brief Description of Drawings 

[0017] Figure 1 shows a prior art depiction of a central processing unit (CPU) 
power distribution system with power system components. 

[0018] Figure 2 shows a graph of an oscillating circuit. 

[0019] Figure 3 shows a graph of a substantially non-oscillating circuit. 

[0020] Figure 4 shows a schematic of prior art stacked series capacitors. 

[0021] Figure 5a shows a schematic of a prior art tracking loop and monitor charge 
pump loop. 

[0022] Figure 5b shows a graph a the charging and discharging cycle of the circuit 

shown in Figure 5a. 
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[0023] Figure 6 shows a block diagram of a power distribution system model for a 
microprocessor based system in accordance with one embodiment of the present 
invention. 

[0024] Figure 7a shows a block diagram of bump and grid models of a chip model 

in accordance with one embodiment of the present invention. 

[0025] Figure 7b shows a block diagram of channel models and section models of 
a chip model in accordance with one embodiment of the present invention. 

[0026] Figure 8 shows a circuit model for a section segment of a chip model in 
accordance with one embodiment of the present invention. 

[0027] Figure 9 shows a schematic of the load model of the chip in accordance 
with one embodiment of the present invention. 

[0028] Figure 10 shows a graph of a CPU clock cycle in accordance with one 

embodiment of the present invention. 



Detailed Description 

[0029] Exemplary embodiments of the invention will be described with reference 
to the accompanying drawings. Like items in the drawings are shown with the 
same reference numbers. 

[0030] Figure 6 shows a block diagram 60 of a model for a power system in 
accordance with one embodiment of the present invention. The model begins with 
four DC to DC converters 62a-62d that are connected to the board 66. The 
converters 62a-62d are each connected to the board 66 with a separate path or 
"via". These vias are labeled V DC i 64a, V DC2 64b, V DC3 64c, and V DC4 64d. Once 
the vias 64a-64d reach the board 66, they are combined into a single via labeled 
Vboard 68. This path 68 connects the board 66 to the package 70. Finally, a via 
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labeled V PAC kage 72 connects the package 70 to the chip 74. Each of the blocks 
for the DC to DC converters 62a-62d, the board 66, the package 70, and the chip 
74 represents a model of that specific component of the power system. Each of 
these models is made up of various circuitry devices that simulate the performance 
of the respective components. The selection of the specific values of these 
circuitry devices is accomplished by methods well known in the art. When models 
of the components 62a-62d, 66, 70, 74 are arranged and connected in the manner 
shown in Figure 6, they will properly simulate the function and performance of the 
power system accurately and in an acceptable simulation timeframe. 

[0031] While Figure 6 shows four DC to DC converters 62a-62d, one board 66, 

one package 70, and one chip 74, it is fully intended that the scope of this 
invention covers embodiments with differing numbers of each of these 
components. For example, in a parallel processing environment, the system may 
have a plurality of package and chip blocks. The end result is that different 
arrangements and numbers of the component blocks are dependent upon the 
components present in the system to be modeled and are not limited to the 
embodiment shown here. Nevertheless, it is conceivable that multiple components 
(e.g., multiple chips in a parallel processing system) could be modeled by a single 
component block by simply adjusting the values of the circuitry devices in the 
respective block to represent the cumulative characteristics of multiple 
components. 

[0032] Figures 7a and 7b show a block diagram 75 of a model of the power 
distribution system of a chip in accordance with one embodiment of the present 
invention. Figure 7a shows the connection from the package via 72 is split into 
parallel paths that connect to nine separate models 76a-76i for the "bump and 
grid" "components of the chip. These components are generally the connections, 
circuit paths, etc. of the chip. Each of the bump and grid components 76a-76i is 
then connect by a via 78a-78i to a designated chip section model. Figure 7b shows 
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bock diagram 79 of an inter-connecting grid of nine section models 80a-80i and 
ten routing channel models 82a-821. Each section model 80a-80i is connected to 
other adjacent section models through the routing channel models 82a-821. The 
nine sections are arranged in a three-by-three grid with the ten channels serving as 
connections between each of the sections. 

[0033] While Figures 7a and 7b show nine bump and grid models 76a-76i, nine 

section models 80a-80i, and ten routing channels 82a-821, it is fully intended that 
the scope of this invention covers embodiments with differing numbers of each of 
these components. For example, the chip could be represented by a four-by-four 
section model grid. The end result is that different arrangements and numbers of 
the component blocks shown in Figures 7a and 7b are dependent upon the 
components present in the system and are not limited to the embodiment shown 
here. 

[0034] Figure 8 shows a schematic 84 of a circuit model of a section model in 

accordance with one embodiment of the present invention. The section model, in 
general, represents a physical section of the chip. The model includes a load 86 
that is connected to a transistor labeled C LO cal 88 and a voltage-controlled 
capacitor labeled Cintrinsic 90. All of these devices are connected together in 
parallel. The load 86 represents a load model for that section of the chip. The 
load model may be a voltage controlled resistor for AC simulations. The transistor 
Clocal 88 represents the local high frequency capacitors. The capacitor Cu^r^c 
90 represents the intrinsic transistor capacitance of the section of the chip. In 
Figure 8, the values of each transistor 88, each load 86, and each capacitor 90 are 
selected to accurately simulate the performance of its specific modeled 
component. 

[0035] Figure 9 shows a schematic 91 of a circuit model of a load of a chip. The 
load includes the representation of the anti-resonance circuit of the package/chip 
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interconnection. The model represents the anti-resonance circuit with a voltage 
controlled resistor 92. The resistor 92 is used in AC simulations and AC sweeps 
(to find the resonant frequency of the circuit). This model runs orders of 
magnitude faster than a model that uses transistors. Also, it is easily scalable due 
to the lack of transistors. While the voltage controlled resistor 92 of the load 
simulates the anti-resonance circuit, it should be understood that its value could be 
adjusted to simultaneously simulate other parts of the load as well. As such, it 
should not be limited to the embodiment describe here, but instead its value should 
be determined by the components of the actual circuit to be modeled. 

[0036] In an actual anti-resonance circuit, such as shown by example in Figure 5a, 
the circuit itself uses analog components to sense when the power supply is 
collapsing. Once this collapse begins, the circuit then begins its 
charging/discharging to stabilize the supply. In the model, this analysis of the 
power supply is simulated by assuming when the collapse of the supply occurs. In 
general, it has been found that the supply begins to collapse at the beginning or 
leading edge of the CPU clock cycle. Figure 10 shows a graph of a CPU clock 
signal 94 and that is broken into multiple cycles. The leading edge 96 of the first 
cycle is an example of a point where simulation of the collapse of the supply could 
begin. The collapse of the supply on the leading edge of a clock cycle is due to all 
of the flip-flops, latches, and other data storage devices latching on this signal. 

[0037] The resulting model represents an advantage in modeling of anti-resonance 

circuits of microprocessor chips by providing a low complexity model with an 
excellent simulation time. The model further provides flexibility in accurately 
modeling the system performance in AC analysis. 

[0038] While the invention has been described with respect to a limited number of 
embodiments, those skilled in the art, having benefit of this disclosure, will 
appreciate that other embodiments can be devised which do not depart from the 
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scope of the invention as disclosed herein. Accordingly, the scope of the 
invention should be limited only by the attached claims. 
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